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ABSTRACT 
 
The mutant E270A of Thermus thermophilus 3-isopropylmalate dehydrogenase exhibits largely 
reduced (~1%) catalytic activity and negligible activation by K+ compared to the wild-type enzyme. 
A 3-4 kcal/mol increase in the activation energy of the catalysed reaction upon this mutation could 
also be predicted by QM/MM calculations. In the X-ray structure of the E270A mutant a water 
molecule was observed to take the place of K+. SAXS and FRET experiments revealed the essential 
role of E270 in stabilisation of the active domain-closed conformation of the enzyme. In addition, 
E270 seems to position K+ into close proximity of the nicotinamide ring of NAD+ and the electron-
withdrawing effect of K+ may help to polarize the aromatic ring in order to aid the hydride-transfer. 
 
 
 
 
 
 
 
 
Abbreviations: 
IPMDH: 3-isopropylmalate dehydrogenase (EC 1.1.1.85) 
Tt: Thermus thermophilus 
IPM: (2R,3S)-3-isopropylmalate 
MOPS: 3-(N-morpholino)-propane-sulphonic acid 
SAXS: small angle X-ray scattering 
FRET: fluorescence resonance energy transfer  
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INTRODUCTION 
 
3-Isopropylmalate dehydrogenase (IPMDH) belongs to the class of -hydroxyacid oxidative 
decarboxylases and catalyses the oxidation and decarboxylation of (2R,3S)-3-isopropylmalate 
(IPM) to 2-oxo-4-methyl-pentanoate (isocaproic acid) in the presence of NAD+ and a divalent 
cation (Mn2+ or Mg2+) in the leucine biosynthetic pathway of bacteria [1]. Since the chemical 
mechanisms of the catalysed reactions are similar, the architecture of the active sites of this class of 
enzymes is also very similar [2]. Yet, there are also notable differences in their functional 
properties, e.g. monovalent cations K+ and NH4
+ activate IPMDH [3,4] and tartrate dehydrogenase 
[5], respectively, while isocitrate dehydrogenase is insensitive of their presence [6]. In the crystal 
structure of the quaternary complex of Tt-IPMDH-Mn2+-IPM-NADH a bound K+-ion was observed 
in the active site [7]. Among the ligands coordinating K+-ion the side-chain of E270 (Fig. 1A) 
seems to play a peculiar role. This glutamate is a conserved residue throughout in all oxidative 
decarboxylases, but its exact role in function has not been established, yet. In the present study 
E270 of Tt IPMDH was replaced by alanine in order to investigate its role in the function and 
activation of the enzyme by K+. 
 
MATERIALS and METHODS 
 
Enzymes and chemicals 
 
E270 of Tt-IPMDH was mutated into Ala using the QuickChange site-directed mutagenesis kit. The 
modified enzyme was expressed and purified using the previously published method applied for the 
wild-type enzyme [8]. The enzyme (about 30 mg/ml) was obtained in a 25 mM MOPS/KOH buffer, 
pH 7.6 and then lyophilized. 3-Isopropylmalic acid (IPM) was purchased from Wako Biochemicals 
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(Japan), NAD and NADH were Sigma products. All other chemicals were commercially available 
high purity grade products. 
 
Crystallisation and X-ray analysis of E270A mutant of Tt-IPMDH 
 
Pure lyophilized mutant (E270A) of Tt-IPMDH was dissolved in distilled water. Crystals were 
obtained using the hanging drop method at 20°C by mixing 1 µl protein solution consisting of 20 
mg/ml protein, 13 mM MnCl2, 9 mM IPM and 5 mM NADH with 1 µl reservoir solution consisting 
of 20% (w/v) PEG 6000, 0.1 M MOPS/KOH pH 7.6, and 10% (v/v) ethanol. The initial 
concentration of K+ in the droplet can be estimated to be about 30 mM. Diffraction data to 2.0 Å 
resolution were collected from a single crystal on beamline BL14.1 of the Helmholtz-Zentrum 
Berlin (Germany) [9]. Data were processed using XDS [10] and the structure was determined using 
MOLREP [11] and the quaternary complex structure of Tt-IPMDH-Mn2+-IPM-NADH [7] (PDB 
entry 4F7I) as a search model. Atomic coordinates were refined using REFMAC5 [12] and 
manually inspected using COOT [13]. All relevant statistics are presented in Table 1. The refined 
structure and the corresponding structure factor amplitudes were deposited to the PDB under the 
accession code 4WUO. 
 
QM/MM modelling of the redox-reaction catalysed by IPMDH in the absence of the side-chain of 
E270 
 
In order to ensure maximum comparability with our previous computational results, the Mn2+-ion 
bound generated intermediate structures were taken from that study [7] and the side chain of the 
E270 amino acid was mutated in silico to alanine. Bound K+-ions were removed and calculations 
were performed with and without the bound water molecule found in the place of K+ in the crystal 
structure of the E270A mutant. In the previous study three different atom-partitioning schemes 
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(QM1-3) were tested [7]. Here we used QM2 of the previous study as the QM region in the 
calculation. All modelling details were exactly the same as in the previous study. The activation 
energy of the hydride transfer reaction with and without the bound water molecule was determined 
using 3-3 QM/MM energy profiles. Final energies published herein were determined at the 
B3LYP/6-311+G*/MM level of theory.  
 
Enzyme activity measurements 
 
Activity of IPMDH (wild type: 6-12 μg/ml, i.e., 0.16-0.32 μM monomer, or E270A mutant: 2.1 
mg/ml, i.e., 55 μM) was assayed in the presence of 0.5 mM IPM, 0.5 mM MnCl2 and 4 mM NAD
+ 
in 25 mM MOPS/KOH buffer (pH 7.6). Formation of NADH was recorded spectrophotometrically 
at 340 nm at 20 oC using a Jasco (Tokyo, Japan) V-550 spectrophotometer equipped with a Grant 
Y6 thermostat. Under these conditions the kcat values of the wild-type and E270A mutant IPMDH 
active sites were 238  30 and 1.09  0.3 min-1, respectively. Alternatively, activities were tested in 
25 mM MOPS/NaOH buffer (pH 7.6) at various concentrations of added KCl. The activating effect 
of K+ characterised by its activation (KA) constant. This value has been determined by fitting the 
kinetic data using the equation: 
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    (Eq. 1) 
where v0 and vact are velocities of the reaction in the absence and in the presence of the activator, 
respectively; KA is the activation constant of metal ion, that numerically equals to the [Me] causing 
50% increase of Vmax,rel; [Me] is the concentration of metal ion;  
Vmax,rel is the maximum relative activation, i.e. the ratio of the maximal activity in the presence and 
in the absence of the activator. 
 
FRET measurements 
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The fluorescence resonance energy transfer (FRET) between Trp(s) of IPMDH and the 
bound NADH was recorded at 20 oC in the presence of Mg2+ and IPM as reported by Dean and 
Dvorak [14] using a SPEX Fluoromax-3 spectrofluorimeter equipped with a Peltier thermostat 
(Edison, NJ). The usual mixture contained 12 μg/mL (0.32 μM monomer) IPMDH (wild-type or 
E270A), 12 μM NADH, 3 mM MgCl2 and 1 mM IPM. The protein was excited at 295 nm and the 
emission by the bound NADH was recorded between 300 and 550 nm in a cuvette with 10 mm path 
length. The slits of 2 and 4 nm were applied for excitation and emission, respectively. All 
measurements were carried out in the presence of various concentrations of KCl. 
 
SAXS measurements and data processing 
 
Synchrotron radiation X-ray scattering data were collected on the P12 beam line at the 
Hamburg EMBL Outstation (on the PETRA III storage ring, at DESY). Solutions of both wild type 
and E270A mutant of Tt IPMDH, their complexes with Mn2+, IPM and NADH (non-functioning 
complex) in 25 mM MOPS/NaOH buffer, pH 7.6, without and with added KCl (cf. Table 3), 
measured at protein concentrations in the range from 5.0 to 10 mg/ml using pixel 2M PILATUS 
detector (DECTRIS, Switzerland) at a sample-detector distance of 3.1 m, and wavelength  = 1.25 
Å, covering the momentum transfer range 0.01 < s < 0.45 Å-1 (s = 4π sin(θ)/λ where 2θ is the 
scattering angle). The concentrations of Mn2+, IPM and NADH in the protein samples were 1 mM, 
0.5 mM and 5 mM, respectively. To check for radiation damage, twenty 50-ms exposures were 
compared; no radiation damage effects were observed. The data, after normalization to the intensity 
of the incident beam, were averaged, and the scattering of the buffer was subtracted. All data 
manipulations were performed using the program package PRIMUS [15]. 
Structural parameters, the forward scattering I(0) and the radius of gyration Rg were 
evaluated using the Guinier approximation [16] and the program GNOM [17]. The radii of gyration 
and the scattering patterns from the crystallographic models of wild type apo Tt IPMDH (pdb: 
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2Y3Z) and its substrate complex with Mn2+, IPM and NADH (pdb: 4F7I) were computed using the 
program CRYSOL [18]. The program OLIGOMER [15] was used to calculate the ratio of open- 
and closed-form species present in Tt IPMDH solutions as described in [19]. 
 
RESULTS and DISCUSSION 
 
No K+-binding is observed in the X-ray structure of E270A mutant 
The global structure of E270A mutant IPMDH with bound Mn2+, IPM and NADH exhibits a closed 
conformation, but slightly less closed than that of the previously determined [7] wild-type enzyme. 
However, the active sites exhibit well defined differences due to the mutation. Fig. 1 illustrates part 
of the active site of Tt-IPMDH with bound IPM and NADH both of the wild-type (A) and the 
E270A mutant (B) enzymes. In the wild-type enzyme the carboxylate group of E270 is an important 
electrostatic ligand for K+-ion. In the active site of the wild-type IPMDH there was a peak observed 
on the Fo-Fc difference density map when the K
+ ion was initially modelled as water, however in 
case of the E270A mutant enzyme there was no residual density when this peak was modelled as 
water. Furthermore, chemistry also implies a different species. In the crystal structure of the wild-
type enzyme the partially negatively charged carbonyl of Gly70 coordinates the K+-ion, while in the 
absence of the charged ion, in case of the E270A mutant, the density map shows this carbonyl 
group facing the other direction (cf. Fig. 1B) and making a water bridged H-bonding interaction 
(not shown) towards nicotinamid moiety of NADH.. Thus, one can assume that E270A mutant 
lacks the ability of K+-binding. 
 
Activation of IPMDH by K+-ion and the kinetic parameters of E270A mutant 
Activity of the wild-type Tt-IPMDH was tested both in the absence and in the presence of various 
concentrations of K+-ion. Fig. 2A shows the well-pronounced activating effect of K+-ion: it 
increases the kcat value by more than one order of magnitude. Our previous QM/MM calculations, 
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indeed, have shown that the electron-withdrawing effect of K+ may polarise the nicotinamide ring 
of NAD+ at its C4-atom and thereby favour the occurrence of the hydride-transfer [7]. On the other 
hand, the mutant E270A IPMDH, exhibits only a very low (~1 %) activity compared to the wild 
type enzyme, even in the presence of high excess of K+-ion (cf. Fig. 2B). The kinetic parameters of 
E270A mutant and of the wild-type enzyme are compared in Table 2. Accordingly, E270A exhibits 
extremely reduced affinity towards K+-ion. The activity of E270A is reduced even in the presence 
of saturating concentration of K+-ion, suggesting that the glutamate side-chain of E270 itself has 
some additional catalytic role. The crystal structure shows that E270 is in a direct interaction with 
the nicotinamide group (cf. Fig. 1A) and thereby contributes to its proper orientation for the 
reaction. Indeed, the Km-value of NAD
+ is increased significantly for E270A compared to that of 
the wild-type enzyme (Table 2). Furthermore, as it will be shown below, the side-chain of E270 
may stabilize the active closed conformation of the enzyme. 
 
Estimated activation energy of the redox step of IPMDH catalysed reaction in case of E270A 
mutant  
In order to estimate the activation energy of the hydride transfer reaction, 3-3 parallel QM/MM 
energy profile calculations were carried out for the E270A mutant enzyme with and without the 
bound water molecule present in the place of K+. The presence of the water molecule had no 
significant influence on the obtained activation energies. In the case of the three profiles the 
activation energies in the mutant increased to 18.4, 21.1 and 22.2 kcal/mol, which corresponds to an 
increase of 3.5, 4.6 and 3.9 kcal/mol, respectively, compared to the wild-type, K+ bound structure 
[7]. Based on chemical thermodynamics it can be expected that 3-4 kcal/mol increase in the 
activation energy decreases the reaction rate 150 to 1000 fold, which is the range for the 
experimentally observed 242-fold decrease in the kcat value of the mutant enzyme in the absence of 
K+ compared to the wild-type enzyme at saturating K+ concentration. 
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Both K+-ion and the side-chain E270 are essential for FRET-formation 
It has been noted that spectral changes, characteristic of FRET from the Trp side chain(s) of 
IPMDH to the bound NADH can occur but, interestingly only if the substrate IPM is also bound 
and stabilizes the closed (active) conformational state of the enzyme [14]. On this basis FRET 
phenomenon of IPMDH is assumed to be a characteristics of its domain-closed conformation. Here 
we found that both the mutant E270A and the K+-free wild-type enzyme exhibit only very 
negligible FRET spectra (Fig. 3A), that raises the possibility of the absence of domain closure in 
both cases. The large spectral changes observed upon addition of K+-ion to the wild type enzyme 
allowed us to determine its binding constant (Fig. 3B) that is found to be Kd = 5.0±0.6 mM, i.e. in 
good agreement with the value of the activatory constant (KA) determined above (Table 1). 
However, to test the effects of mutation (E270A) or removal of K+ on the domain opening/closing 
requires more direct experiments. Therefore, SAXS-experiments have been devised. 
 
Domain closure is prevented upon mutation of E270A 
SAXS is the most appropriate method to test protein conformational changes occurring in solution, 
especially if it is accompanied by changes in the shape of the molecule, such as the domain closure. 
In our previous studies with the wild-type Tt-IPMDH we clearly detected domain closure in the 
complex with Mn2+ and IPM [19]. This experiment was repeated with the mutant E270A that also 
binds the substrate MnIPM. Table 3 summarizes the calculated Rg values and the extent of domain 
closure as expressed by percentage of the open and closed forms estimated as described in the 
Methods. The results show that in solution E270A retains its open conformation even in the 
quaternary Mn-IPM-NADH-IPMDH complex, both in the presence and in the absence of K+. Thus, 
in the absence of this glutamate side-chain the tertiary interactions stabilising the enzyme-closed 
conformation are possibly weakened. Indeed, the electrostatic interactions of the carboxylate of 
E270 with the side-chains of R94 and R104 that would stabilize the closed state of Hinge 1 (cf. Fig. 
4) are absent in the structure of E270A mutant. Thus, the low activity of the mutant is not only due 
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to the weak interactions with K+ (cf. Table 2), but also to the predominance of the open 
conformation, and perhaps to the slow equilibration between the open-closed forms. – It may also 
be noted that during the long time of crystal growing the closed conformation can be selected and 
the open-closed conformational equilibrium can be shifted towards this less soluble form.  
The effect of K+ on the domain closure was also investigated and, in contrast to the expectation, no 
significant effect was detected (Table 3). Thus, domain-closed conformation for the wild type 
enzyme can be formed even in the absence of K+-ion, i.e. in the absence of formation of the FRET 
spectrum (Fig. 3A). It follows, therefore, that appearance of the FRET spectrum is not always an 
indication of the domain closured conformation, as was assumed previously. The bound K+-ion may 
itself contribute to the occurrence of FRET by sensitively influencing the plane orientation of the 
quinoidal-ring of the bound NADH. 
 
CONCLUSIONS 
A conserved glutamate side-chain (E270) in the active site of Tt-IPMDH exhibits multiple roles: i. 
it is the main coordinating ligand of the activation potassium ion; ii. it orients properly the reacting 
nicotinamide ring of NAD+ optimal for the enzymatic reduction and iii. it contributes to the 
formation of the active, closed conformation. This glutamate is conserved among the oxidative 
decarboxylases and its direct and/or indirect effects may be generalised. 
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LEGENDS to the FIGURES 
 
Fig. 1 Structural comparison of the active sites of Tt-IPMDH-Mn2+-IPM-NADH complexes of 
the wild type (A) and the E270A mutant (B). K+ is presented with a brown sphere, waters with 
blue, substrates as ball and stick, and all side-chains coordinating K+ are shown as stick models 
coloured according to atom types. Grey ribbons represent part of the -strand C (residues 66-72) 
and the nucleotide binding loop (residues 270-277). The dashed lines illustrate atomic distances 
smaller than 3.5 Å.  
 
Fig. 2 Activation of IPMDH by K+-ion. For measuring the activities of wild-type (-) (A) and 
E270A mutant (-) (B) IPMDHs the substrates were applied at closely saturating concentrations 
(cf. Methods) and the concentration of K+-ion was varied. The activities (relative to the one in the 
absence of K+-ion) are plotted against K+-concentration. The activating constants of K+ have been 
determined by fitting the continuous lines to the experimental data using Eq. 1. and summarised in 
Table 2. 
 
Fig. 3 Effect of E270A mutation and the K+-ion on the FRET spectrum of IPMDH.  
A: Fluorescence emission spectra of FRET (cf. Methods) characteristic of the wild type IPMDH is 
recorded in the absence (dotted line) and in the presence of 100 mM K+ (continuous line). The 
measurement has been repeated with the mutant E270A in the presence of 300 mM KCl (dashed 
line). It is noted that in the absence of K+ the spectrum of the E270A mutant coincides with that of 
the wild-type enzyme (dotted line). B: Titration of the wild-type IPMDH (0.32 M) with K+ by the 
aid of the FRET signal at emission=410 nm. 
 
Fig. 4 Effect of E270 side-chain on the conformation of Hinge 1 of IPMDH. Constituents of 
Hinge 1 including -helix d and -strand F as well as its surroundings including the IPM and K+ 
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binding sites are represented by grey ribbon diagrams. The substrate IPM (ball and stick model) and 
the interaction side-chains (stick models) are coloured according to atom types. K+ and Mg2+ ions 
are represented by brown and violet spheres, respectively. 
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Figure 1.  
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Table 1. Data collection and processing, structure-refinement and validation statistics 
 4WUO 
Data Collection 
  Wavelength (Å) 
  Crystal to detector distance (mm) 
  Rotation range per image (°) 
  Total rotation range (°) 
    
 
0.91841 
225.0 
0.2 
128 
 
Data Processing 
   Space group 
   Cell constants (Å)        
  Resolution range  
          last shell 
   Mosaicity 
   Completeness (%) 
   No. of observed/unique 
        (last shell) 
   Mean I/σ(I) 
   Rr.i.m. 
a   
   Overall B-factor from Wilson plot (Å2) 
   Optical resolution (Å) 
   VM (Å
3 Da-1) 
   Solvent content (%) 
 
C2221 
50.18, 143.25, 174.89 
41.6-2.05 
2.10-2.05 
0.200 
99.6 (97.9) 
207793/39957 
(14280/2875) 
17.23 (2.71) 
0.080 (0.682) 
36.1 
1.64 
1.99 
38 
Refinement c  
   No. of reflections, working set  
   No. of reflections, test set 
   Rcryst. 
   Rfree  
   DPI(Å) 
   Number of atoms 
     protein 
     ions 
     IPM 
     NADH 
     other organic 
     water molecules 
   R.m.s. deviations 
     bonds (Å) 
     angles (°) 
   Average B-factors 
     protein(Å2) 
     ions 
     IPM 
     NADH 
     other organic 
     water molecules 
  Ramachandran plot 
     most favoured (%) 
     allowed (%) 
 
37938 (2716) 
2009 (148) 
0.170 
0.229 
0.213 
 
5235 
3 
24 
88 
43 
180 
 
0.015 
1.7 
 
37.2 
33.4 
28.9 
28.5 
47.9 
36.3 
 
97.7 
2.3 
No. of dimers / asymmetric unit 1 
 
a           jhjhhjhjhmir n/I=II/IIn/n=R        with1 0.5...  [20] 
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Table 2. Kinetic constants of E270A mutant in comparison to the wild-type Tt-IPMDH 
The kinetic measurements have been carried out as described in the Materials and Methods under 
the conditions specified in the Legends to Fig. 2. 
 
1 KA: activatory constant
 
2 These kinetic constants has been determined earlier [19] 
 
 
 
Kinetic constants     Wild-type E270A mutant 
kcat (min
-1) 
no K+     15.3±4 0.95±0.2 
saturating [K+]     238±302 1.96±0.3 
K+-ion KA
1 (mM) varying concentrations of K+     6.1±0.6 1240±200 
IPM Km (µM) 
25 mM K+ 
    16±32 32±5 
NAD Km (µM)     290±50 660±55 
Mn2+ Km (µM)     10±4
2 25±6 
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Table 3. Comparison of SAXS experimental data with those derived from the crystallographic models. 
 
SAXS experiments 
Discrepancy values  between the scattering 
from crystallographic models and 
experimental data 
Volume fractions of 
open/closed structures 
Tt-IPMDH-Mn-IPM-NADH 
Rg, Ǻ a 
Closed crystal 
structure 
Open crystal 
structure 
Open/closed 
mixturec 
Vclosed, % Vopen, % 
GNOM method Guinier method      
wild-type (no K+) 27.4±0.2 27.4±0.3 1.18 1.19 1.09 53±3 47±3 
wild-type (50 mM K+) 27.2±0.2 27.3±0.3 1.17 1.20 1.11 58±3 42±3 
E270A mutant (no K+) 28.3±0.2 28.4±0.3 2.03 1.15 1.14 4±3 97±5 
E270A mutant (1 M K+) 28.4±0.2 28.5±0.3 1.71 1.08 1.07 5±3 95±5 
      
Rg (theoretical), angstroms b 26.67 28.45 
Molecular mass, kDa b 74.3 73.8 
 
aThe Rg
 values were computed by two alternative methods, using the program GNOM and Guinier approximation, respectively. 
b
 Radius of gyration and molecular mass of the high resolution models as retrieved from the PDB: 4F7I for the closed crystal structure of the quaternary 
complex of Tt IPMDH-Mn-IPM-NADH and 2Y3Z for the open crystal structure of apo Tt IPMDH. 
c The fits for open/closed mixture were obtained by OLIGOMER, Vopen and Vclosed correspond to the volume fractions of each state found by OLIGOMER. 
The minimum values of discrepancy (in bold) indicate the best correlation between SAXS data and crystallographic model. 
The small variations in the calculated molecular mass are due to different numbers of residues resolved in different crystal structures. 
 
